Centrioles: Duplicating Precariously
To assemble a mitotic spindle and accurately segregate chromosomes to progeny, a cell needs to precisely regulate its centrosome number, a feat largely accomplished through the tight control of centriole duplication. Recent work showing that the overexpression of centriolar proteins can lead to the formation of multiple centrioles in the absence of pre-existing centrioles challenges the idea that it is a self-replicating organelle.
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The centrosome is the primary microtubule-organizing center of the cell. At its core lies a pair of barrel-shaped structures of ninefold symmetry termed centrioles, which play a key role in the organization of centrosomes and in templating the assembly of flagella and cilia. In interphase cells, the centrosome participates in a range of functions, including signaling, cytoskeletal organization and cell motility. During mitosis, two centrosomes are needed to correctly organize the mitotic spindle and to accurately segregate chromosomes. Failure to properly regulate the number of centrosomes can lead to the formation of monopolar or multipolar spindles, conditions often associated with aneuploidy, a hallmark of cancer cells ( Figure 1 ) [1] . It is therefore imperative that the single interphase centrosome duplicates once and only once per cell cycle, a process largely regulated through the tight control of centriole duplication. The characteristic orthogonal arrangement of centrioles within the centrosome has led to the proposal that, much akin to DNA replication, the mother centriole acts as a template for the assembly of a daughter centriole during duplication ( Figure 2 ). For this reason, nucleic acids have long been thought to be embedded within centrioles to instruct the assembly of another centriole. This idea was recently rejuvenated from work in the surf clam that led to the identification of specific RNA molecules enriched at centrosomes [2] . Interestingly, centrioles can also form de novo during normal development or when centrioles are destroyed via laser ablation challenging the idea that pre-existing centrioles are needed for the assembly of new centrioles [3] . Regardless, the mechanisms that orchestrate centriole duplication and assembly as well as the mechanisms that regulate the number of centrioles per cell have remained elusive.
Work from many laboratories recently culminated in a molecular and structural understanding of daughter centriole assembly in Caenorhabditis elegans. It was shown using a combination of RNA interference, epistatic protein recruitment assays and electron tomography that the SPD-2 protein acts upstream in this pathway by recruiting the ZYG-1 kinase to the site of daughter centriole assembly. This process then leads to the recruitment of SAS-5 and SAS-6, two coiled-coil proteins necessary for central tube formation. Another coiled-coil protein, SAS-4, is later required upon elongation of this central tube for the assembly of the symmetric array of singlet microtubules [4, 5] .
How conserved is this assembly pathway in other organisms and how does it relate to the control of centriole duplication? Sequence homologues of C. elegans SPD-2 have been identified in flies (CG15524) and mammals (hSPD-2/ Cep192) and it has been proposed that the Polo kinase family member SAK/PLK-4, which is necessary for centriole duplication in mammals and flies, is related to ZYG-1 [6] [7] [8] . It was elegantly shown that the Drosophila homologue of SAS-4 localized to centrioles and was required for centriole duplication, with the mammalian homologue CPAP possibly playing a similar role [9, 10] . In addition, the human homologue of SAS-6 was previously shown to be required for centriole duplication [11, 12] . A recent study from Peel et al. [13] and a study by Rodrigues-Martins et al. [14] , published in this issue of Current Biology, now convincingly show that Drosophila SAS-6 is a centriole component required for centriole duplication. In a nice series of experiments, Rodrigues-Martins et al. [14] revealed that SAS-6 mutants either have small centrioles of abnormal structure or lack centrioles in spermatids. Furthermore, they observed that axonemes are abnormally short and that centrioles are frequently found disengaged from their partners, supporting the idea that SAS-6 plays a structural role during duplication. These findings suggest that the molecular pathway governing centriole duplication is, to some degree, conserved among centriole-bearing organisms even though homologues of C. elegans SAS-5 have yet to be identified.
It was previously shown that the overexpression of SAK/PLK-4 in human or Drosophila tissue culture cells promotes centriole overduplication [7, 15] . This implies that it is essential to adequately control the protein level of regulators of centriole duplication in order to maintain proper centriole number. Since these experiments were performed in the presence of pre-existing centrioles, the possibility remained that mother centrioles are required for overduplication. Using a clever overexpression strategy in both unfertilized Drosophila eggs that lack centrioles and embryos that contain centrioles, Peel et al. [13] and Bettencourt-Dias et al. [15] have now clearly demonstrated that centriole overduplication can still occur upon SAK/PLK4 overexpression in the absence of pre-existing centrioles. The assembly of new centrioles requires DSAS-6 and DSAS-4 consistent with results in C. elegans showing that ZYG-1 acts upstream of these two proteins and that SAS-4 and SAS-6 are built into centrioles during their assembly [4, 5, 13, 16] . Interestingly, Peel et al. [13] also observed that the overexpression of DSAS-6 and DSAS-4 results in centriole amplification further highlighting the importance of regulating the amount of centriole proteins. It will be interesting to determine whether DSAS-6 and DSAS-4 can drive centriole overduplication in the absence of SAK/PLK-4. Peel et al. [13] have shown that the overexpression of these proteins induces centriole overduplication to varying extents in diverse tissues. This suggests that, under some circumstances, centriole components may be limiting and that the ability to overduplicate is not ubiquitous. The fact that the overexpression of SAS-4, a protein known to act late in the assembly pathway, also promotes overduplication leads to the suggestion that, in oocytes and early embryos, centriole precursors, possibly containing SAS-6, are preassembled and stabilized in the presence of excess SAS-4. Together these data show that it is possible to induce centriole duplication in the absence of a pre-existing centriole by overexpressing at least a subset of centriolar proteins. It is tempting to speculate that the levels of centriole proteins may be actively regulated through the cell cycle by ubiquitin ligases, such as SCF-based complexes or the anaphase-promoting complex (APC), and that such regulation plays a role in controlling the number of centrioles that can assemble once the process is initiated.
In order to properly regulate centriole duplication two steps must be taken. Centriole duplication must be triggered only once per cell cycle and once this occurs only a single centriole needs to be assembled per mother centriole. It is known that CDK2 and cyclin E/A play a key role in triggering centrosome duplication and in coordinating this process with cell-cycle progression, but the molecular mechanisms behind this regulation remain obscure [17] . Clever cell fusion experiments revealed the existence of a centrosome-intrinsic block in centriole duplication during the S and G2 phases of the cell cycle [18] . From these experiments, a 'licensing' model emerges in which newly assembled centrioles remain engaged in their orthogonal orientation in a duplication-incompetent state until the end of mitosis where they become disengaged and able to undergo another round of centriole duplication. Recent work from Tsou et al. [19] has shown that separase, a protease better known for its role in severing sister chromatin cohesion during mitosis and meiosis, is involved in this process. The identification of potential centrosomal/centriolar substrates for this protease required to maintain centrioles in an engaged, duplication-incompetent state will be needed to determine whether separase plays a direct role in this process.
These recent reports raise the question of whether centrioles assembled upon overexpression of centriole proteins are functional. As an indication that this could be the case, Rodrigues-Martin et al. [14] have used thin-section EM to examine centriole ultrastructure. These authors show that centrioles formed following SAK/PLK-4 overexpression are structurally normal while those formed upon DSAS-6 overexpression are abnormal, consisting of tube-like structures lacking microtubule triplets. Strikingly, these latter structures are reminiscent of the structures formed in C. elegans in the absence of SAS-4, suggesting that tube assembly may also precede triplet microtubule assembly in Drosophila [5] .
Although the centrioles and centriole precursors generated in embryos and oocytes upon overexpression of centriole proteins are capable of recruiting pericentriolar material and nucleating microtubules, it remains unclear if they are capable of carrying out all centriole-associated functions.
A key question that remains to be resolved is whether mother centrioles are completely dispensable for regulated duplication. Indeed, although centrioles can form de novo through self-assembly of centriole components (Figure 2 ), the rate of formation is considerably slower in the absence of pre-existing centrioles. This was initially shown in mammalian tissue culture cells upon laser ablation and in vfl3 Chlamydomonas mutants, and now in flies by Rodrigues-Martin et al. [3, 13, 16, 20] . The slower rate of formation could be deleterious to dividing cells if the pace of centriole duplication and assembly cannot keep up with the pace of cellular division. It is interesting that the number of centrioles formed appears to depend on the amount of centriole proteins present and that the level of these proteins needs to be tightly regulated to ensure the appropriate centriole number. While the overexpression of SAK/PLK-4, SAS-4 and SAS-6 may be useful when cells require a burst in centriole duplication, for example during ciliogenesis, this would of course be deleterious in dividing cells. Perhaps the role of the mother centriole is to ensure the rapid assembly of daughter centriole through the active recruitment and nucleation of centriole precursors into daughter centrioles or to provide a template/instruction for rapid assembly ( Figure 2B , right and middle panels) and to ensure that a single daughter centriole is assembled per mother centriole per cell cycle through licensing. This would provide a dominant center for centriole assembly, as other less stable ectopic sites would disassemble into the building blocks needed for subsequent rounds of centriole duplication. Why would the cell take unnecessary risks and duplicate their centrioles through de novo assembly? It is possible that such a pathway is needed if things go awry and centrioles are lost or damaged, thereby justifying the risk associated with making them anew. It may well be that the de novo and the template/nucleation pathways are constantly competing with each other and that the latter win out most of the time due to their increased efficiency. On occasion, however, in the absence of pre-existing centrioles, the cell has no choice but to opt for the de novo pathway and build centrioles dangerously. [2] , the killing of newborns as a means for managing limited parental resources [3] , and depression as a mechanism of conflict avoidance for individuals in lower social classes [4, 5] . Most spectacularly, 20 adaptive and one non-adaptive explanations have been offered for female orgasm [6] . Plant evolutionists have put forward some ingenious hypotheses as well. For example, a shift from a high-browsing to low-browsing dinosaur fauna in the Early Cretaceous is correlated with the emergence of angiosperms. This observation spawned a line of adaptive reasoning in which the low-browsing dinosaurs with sophisticated jaw structures are speculated to have decimated slow growing gymnosperm saplings, thereby creating a favourable environment for the origin and diversification of smaller, weedier early angiosperms [7, 8] . That these adaptive stories survived peer review is a testament both to the charisma of dinosaurs (how else are we to interest our offspring in botany?) and to the difficulty of disproving hypotheses about events that took place 130 million years ago (but see [9] ). However, an adaptive story linking modifications in plant architecture with herbivory by giant avian dinosaurs --elephant birds and moas --has been validated by a recent study [10] . At least in this case, the legacy of past giants is clear.
Elephant birds and giant moas, which were native to Madascar and New Zealand, respectively, are believed to have been the world's largest 'modern dinosaurs' (birds). Giant moas reached 3.6 m in height and elephant birds could exceed 500 kg in weight -about twice the weight of a grizzly bear. Both giant birds were driven to extinction by humans within the past six hundred years, so if they had a major impact on plant form, it should still be apparent. Indeed,
